One sentence summary: Spaceflight molecular microbiology reveals a role for the conserved Hfq regulatory network in the bacterial response to this environment.
Abstract
A comprehensive analysis of both the molecular genetic and phenotypic responses of any organism to the spaceflight environment has never been accomplished due to significant technological and logistical hurdles. Moreover, the effects of spaceflight on microbial pathogenicity and associated infectious disease risks have not been studied. We designed experiments to be flown on Space Shuttle Atlantis Mission STS-115 (September 2006) in which cultures of the bacterial pathogen Salmonella typhimurium were activated to grow in space for a specific time period and then either fixed in an RNA/protein fixative or supplemented with additional growth media after this time period (Supplemental To determine which genes changed expression in response to spaceflight, total bacterial RNA was isolated from the fixed flight and ground samples, qualitatively analyzed to ensure lack of degradation, quantitated, and then reversed transcribed into labeled, single-stranded cDNA. The labeled cDNA was co-hybridized with differentially-labeled S. typhimurium genomic DNA to whole genome S. typhimurium microarray slides. The cDNA signal hybridizing to each gene spot was quantitated, and the normalized, background-subtracted data was analyzed for statistically-significant, 2-fold or greater differences in gene expression between the flight and ground samples. We found 167 genes differentially-expressed in flight as compared to ground from a variety of functional categories (69 up-regulated and 98 downregulated) (Supplemental Table 1 ). The proteomes of fixed cultures were also obtained via multi-dimensional protein identification (MudPIT) analysis. We identified 251 proteins expressed in the flight and ground cultures, with 73 being present at different levels in these samples (Supplemental Table 2 ). Several of the genes encoding these proteins were also identified via microarray analysis. Collectively, these gene expression changes form the first documented bacterial spaceflight stimulon indicating that bacteria respond to this environment with widespread alterations of expression of genes distributed globally throughout the chromosome (Figure 1 Identification of one or more regulators of the spaceflight stimulon represents an important step in understanding the nature of this unique environmental signal. Our data indicated that a pathway involving the conserved RNA-binding regulatory protein Hfq played a role in this response (Table 1) . Hfq is an RNA chaperone that binds to small regulatory RNA and mRNA molecules to facilitate mRNA translational regulation in response to periplasmic stress (in conjuction with the specialized sigma factor RpoE), environmental stress (via alteration of RpoS expression), and changes in metabolite concentrations, such as iron levels (via the Fur pathway) (5) (6) (7) (8) (9) . Hfq is also involved in promoting the virulence of several pathogens including S. typhimurium (10) , and Hfq homologues are highly conserved across species of prokaryotes and eukaryotes (11) . Our data strongly supported a role for Hfq in the response to spaceflight:
(1) The expression of hfq was decreased in flight, and this finding matched previous results in which S. typhimurium hfq gene expression was decreased in a ground-based model of microgravity (12); (2) Expression of 64 genes in the Hfq regulon was altered in flight (32% of the total genes identified), and the directions of differential changes of major classes of these genes matched predictions associated with decreased hfq expression (see subsequent examples);
(3) several small regulatory RNAs that interact with Hfq were differentially regulated in flight as would be predicted if small RNA/Hfq pathways are involved in a spaceflight response; (4) The levels of OmpA, OmpC, and OmpD mRNA and protein are classic indicators of the RpoEmediated periplasmic stress response which involves Hfq (13) . Transcripts encoding OmpA, OmpC, and OmpD (and OmpC protein level) were up-regulated in flight, correlating with hfq down-regulation; (5) Hfq promotes expression of a large class of ribosomal structural protein genes (9), and we found many such genes exhibited decreased expression in flight; (6) Hfq is a negative regulator of the large tra operon encoding the F plasmid transfer apparatus (14) , and several tra genes from related operons on two plasmids present in S. typhimurium χ3339 were up regulated in flight; (7) Hfq is intimately involved in a periplasmic stress signaling pathway that is dependent on the activity levels of three key proteins, RpoE, DksA, and RseB (5, 9) . Differential expression of these genes was observed in flight; (8) Hfq regulates the expression of the Fur protein and other genes involved in the iron response pathway (6, 8) . We observed several iron utilization/storage genes with altered expression in flight. This finding also matched previous results in which iron pathway genes changed expression in a ground-based model of microgravity, and the Fur protein was shown to play a role in stress resistance alterations induced in the same model (12) .
Given these findings, we designed experiments to verify a role for Hfq in the spaceflight response using a cellular growth apparatus that serves as a ground-based model of microgravity conditions termed the rotating wall vessel (RWV). Designed by NASA, the RWV has been extensively used in this capacity to study the effects of a low fluid shear growth environment (which closely models the liquid growth environment encountered by cells in microgravity) on various types of cells (15) (16) (17) (18) . Studies with the RWV involve using two separate apparatus: one is operated in the modeled microgravity position (termed low-shear modeled microgravity or LSMMG) and one is operated as a control in a position (termed 1xg) where sedimentation due to gravity is not offset by the rotating action of the vessel.
LSMMG-induced alterations in acid stress resistance and macrophage survival of S. typhimurium have previously been shown to be associated with global changes in gene expression and virulence (12, 19) . We grew wild type and isogenic hfq mutant strains of S. typhimurium in the RWV in the LSMMG and 1xg positions and assayed the acid stress response and macrophage survival of these cultures. While the wild type strain displayed a significant difference in acid resistance between the LSMMG and 1xg cultures, this response was not observed in the hfq mutant, which contains a deletion of the hfq gene and replacement with a Cm-r cassette (Figure 2 , Panel A). Two control strains, hfq 3'Cm and invA Km, gave the same result as the WT strain. We also observed increased intracellular replication of the LSMMGgrown WT (hfq 3'Cm) strain in infected J774 macrophages as compared to the 1xg control, and this phenotype was not observed in the hfq mutant strain (Figure 2 , Panel B). Collectively, these data indicate that Hfq is involved in the bacterial spaceflight response as confirmed in a groundbased model of microgravity conditions. In addition, the intracellular replication phenotype inside macrophages correlates with the finding that spaceflight and LSMMG cultures exhibit increased virulence in mice (see text below and reference (19) ).
Since growth during spaceflight and potential global reprogramming of gene expression in response to this environment could alter the virulence of a pathogen, we compared the virulence of S. typhimurium spaceflight samples to identical ground controls as a second major part of our study. Bacteria from flight and ground cultures were harvested and immediately used to inoculate female Balb/c mice via a per-oral route of infection on the same day as landing.
Two sets of mice were infected at increasing dosages of either flight or ground cultures, and the health of the mice was monitored every 6-12 hours for 30 days. Mice infected with bacteria from the flight cultures displayed a decreased time to death (at the 10 7 dosage), increased percent mortality at each infection dosage and a decreased LD 50 value compared to those infected with ground controls (Figure 2 , Panels B,C,D). These data indicated increased virulence for spaceflight S. typhimurium samples and are consistent with previous studies in which the same strain of S. typhimurium grown using LSMMG conditions displayed enhanced virulence in a murine model as compared to 1xg controls (19) .
To determine any morphological differences between flight and ground cultures, scanning electron microscopic (SEM) analysis of bacteria from these samples was performed.
While no difference in the size and shape of individual cells in both cultures was apparent, the flight samples demonstrated clear differences in cellular aggregation and clumping that was associated with the formation of an extracellular matrix (Figure 2 Wilson, et. al.
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Materials and Methods
Strains, media, and chemical reagents
The virulent, mouse-passaged Salmonella typhimurium derivative of SL1344 termed χ3339 was used as the wild type strain in all flight and ground-based experiments (1). 
Isogenic derivatives of SL1344 with mutations
Loading of fluid processing apparatus (FPA)
An FPA consists of a glass barrel that can be divided into compartments via the insertion of rubber stoppers and a lexan sheath into which the glass barrel is inserted (refer to FPAs were loaded into larger containers termed group activation packs (GAPs).
Murine infection assay
Six to eight week old female Balb/c mice (housed at the Space Life Sciences Lab at Kennedy Space Center) were fasted for approximately 6 hours and then per-orally infected with increasing dosages of S. typhimurium harvested from flight and ground FPA cultures and resuspended in buffer saline gelatin (5) . Ten mice per infectious dosage were used, and food and water were returned to the animals within 30 minutes post-infection. The infected mice were monitored every 6-12 hours for 30 days. The LD 50 value was calculated using the formula of Reed and Muench (6) .
Scanning electon microscopy
A portion of cells from the viable, media-supplemented cultures from flight and ground FPAs were fixed for scanning electron microscopic analysis using 8% glutaraldehyde and 1% formaldehyde and were processed for SEM as described previously (7) .
Microarray analysis
Total cellular RNA purification, preparation of fluorescently-labeled, single stranded cDNA probes, probe hybridization to whole genome S. typhimurium microarrays, and image acquisition was performed as previously described (8) using three biological and three technical replicates for each culture condition. Flow cytometric analysis revealed that cell numbers in flight and ground biological replicate cultures were not statistically different. Data from stored array images were obtained via QuantArray software (Packard Bioscience, Billerica, MA) and statistically analyzed for significant gene expression differences using the Webarray suite as described previously (9) . GeneSpring software was also used to validate the genes identified with the Webarray suite. To obtain the genes comprising the spaceflight stimulon as listed in Supplemental Table 1, the following parameters were used in Webarray: a fold increase or decrease in expression of 2 fold or greater, a spot quality (A-value) of greater than 9.5, and p-value of less than 0.05. For some genes listed in Table 1 , the following parameters were used: a fold increase or decrease in expression of value greater than 1.6 or less then 0.6 respectively, an A-value of 8.5 or greater, and p-value of less then 0.1. The vast majority of genes listed in Table 1 had an A-value of greater than 9.0 (with most being greater 
Multidimensional protein identification (MudPIT) analysis via tandem mass spectrometry coupled to dual nano-liquid chromatography (LC-LC-MS/MS)
Acetone-protein precipitates from whole cell lysates obtained from flight and ground cultures (representing three biological replicates) were re-suspended in water and assayed for amount using a BioRad Model 680 microplate reader according to published procedures (14, 15) . Eighteen µg of total protein from the whole cell lysate samples was digested in triplicate with trypsin (10 µg/mL) at 37 o C overnight following reduction with dithiothreitol and alkylation with iodoacetamide (16 (17) TurboSEQUEST v 3.1, a program that allows the correlation of experimental tandem MS data with theoretical spectra generated from known protein sequences (18) . The peak list (dta files) for the search were generated by Bioworks 3.1. Parent peptide mass error tolerance was set at 1.5 amu and fragment ion mass tolerance was set at 0.5 amu during the search. The criteria that were used for a preliminary positive peptide identification are the same as previously described, namely peptide precursor ions with a +1 charge having a Xcorr >1.8, +2 Xcorr > 2.5 and +3 Xcorr > 3.5. A dCn score > 0.08 and a fragment ion ratio of experimental/theorical >50% were also used as filtering criteria for reliable matched peptide identification (19, 20) . All matched peptides were confirmed by visual examination of the spectra. All spectra were searched against a Salmonella typhimurim statistics to reliably identify more spectra (22, 23) . Please refer to Supplementary Table 2 for the specific parameters used in Scaffold to identify the proteins in this study.
Ground-based RWV cultures and acid stress and macrophage survival assays
S. typhimurium cultures were grown in rotating wall vessels in the LSMMG and 1xg orientations and assayed for resistance to pH=3.5 and survival inside J774 macrophages as described previously (5) , except that the RWV cultures were grown for 24 hours at 37 degrees C. For acid stress assays, the percentage of surviving bacteria present after 45-60 minutes acid stress (compared to the original number of bacteria before addition of the stress) was calculated. A ratio of the percent survival values for the LSMMG and 1xg
cultures was obtained (indicating the fold difference in survival between these cultures) and is presented as the acid survival ratio in Figure 2 in the text. The mean and standard deviation from three independent experimental trials is presented. For macrophage survival assays, the number of bacteria present inside J774 macrophages at 2 hours and 24 hours post-infection was determined, and the fold difference between these two numbers was calculated. The mean and standard deviation of values from three independent experimental trials (each done in triplicate tissue culture wells) is presented.
The statistical differences observed in the graphs in Figure 2 were calculated at p-values less than 0.05. *Peptide samples obtained from MudPIT were analyzed using Sequest and X!Tandem software, and the data was organized using the Scaffold program. To be considered a positive identification in Scaffold, the following parameters were used: a minimum of 2 peptides from a given protein identified with peptide and protein thresholds of 80% to give an overall protein identification (ID) probability of at least 80%. Note that a protein ID probability of greater than 80% in at least one of the samples warranted inclusion in the table so as to allow identification of possible differential expression of a given protein.
Supplemental Figure Legend
**Proteins identified via MuDPIT analysis as differentially expressed that also displayed differential expression via microarray analysis.
